becomes particularly challenging for injection-based remedial treatments because chemical oxidants typically bypass low porosity zones. Given that the mass of contaminant stored in low permeability soils can be substantial and that these LPZs can serve as a long-term source of contamination, removing chlorinated solvents like trichloroethene (TCE) from low permeablity zones is recognized as one of the most difficult problems associated with groundwater pollution [3] .
Although permanganate is extremely efficient in oxidizing TCE [4, 5] , treating non-aqueous phase TCE trapped in low permeable zones has significant challenges. When permanganate (MnO 4 − ) is used, the three hurdles to successfully treating non-aqueous phase TCE in LPZs include: (i) getting the MnO 4 − to penetrate and not bypass lower porosity zones where the contaminant is located, (ii) minimizing MnO 2 rind formation at the MnO 4 − -DNAPL interface, which can block or inhibit the DNAPL from further oxidant contact, and (iii) overcoming the kinetic constraints of treating a sparingly soluble DNAPL with an aqueous-phase oxidant. While significant progress has been made in combating these challenges, improving the treatment of chlorinated solvents in LPZs is still an active area of research.
To get remedial fluids to penetrate LPZs, shear-thinning polymers like xanthan have been used as a co-injected remedial agent to increase the viscosity of the displacing fluid [6] [7] [8] [9] [10] [11] [12] [13] and stimulate cross-flow between layers that differ in permeability [14, 15] . Smith et al. [16] provided the first evidence that xanthan was compatible with MnO 4 − and could be used as a polymerenhanced chemical oxidation treatment for perchloroethylene (PCE). Their work provided important groundwork for further studies aimed at determining what polymer and oxidant concentrations were needed to effectively oxidize chlorinated solvents in low permeability zones during transport. McCray et al. [17] showed that use of xanthan increased the sweeping efficiency of MnO 4 − into LPZs (containing non-aqueous phase PCE) and improved the percentage PCE oxidized. Recently, Chokejaroenrat [18] found that adding xanthan enhanced MnO 4 − delivery into LPZs to treat aqueous-phase TCE and minimized the potential for rebound.
Treating non-aqueous phase TCE with MnO 4 − is more challenging than treating aqueous phase TCE due to the higher propensity for manganese dioxide (MnO 2 ) to form. Many researchers who have treated non-aqueous phase DNAPL with MnO 4 − have reported the formation of distinct MnO 2 rinds, which can protect the contaminant from further contact with the oxidant e.g., [19] [20] [21] [22] [23] [24] . Moreover, substantial MnO 2 deposits have the potential to alter the advective flow of the oxidant from the target zone [23, [25] [26] [27] . One way researchers have combated this problem is by recognizing that soluble Mn(IV) and colloidal Mn(IV) precede the aggregation and formation of the insoluble MnO 2 product. This has given rise to the use of stabilization aids. Mata-Perez and PerezBenito [28] found that the conversion rate of soluble Mn(IV) to MnO 2 (s) could be delayed when phosphate was present. Kao et al. [29] found that ~82% of MnO 2 production could be inhibited by including Na 2 HPO 4 with MnO 4 − without affecting TCE loss. Crimi and Ko [30] tested a variety of stabilization aids and reported that sodium hexametaphosphate (SHMP) was superior in minimizing MnO 2 formation.
Phase transfer catalysts are agents that facilitate reactions between two or more phases (i.e., polar, non-polar) and allow reactions to occur that otherwise might be inhibited [31] . The idea for using phase-transfer catalysts would be to allow some of the oxidant (i.e., MnO 4 − ) to partition into the non-aqueous phase DNAPL so that oxidation can occur in both the organic and bulk aqueous phases and reduce the time needed to remove the non-aqueous phase product. Seol and Schwartz [32] and Seol et al. [33] used the phase transfer catalyst, pentyltriphenylphosphonium bromide (PTPP) in bench studies and reported increased dechlorination of both TCE and PCE. Although the initial results were promising, reports of using phase-transfer catalysts under transport conditions have not yet been reported.
In this study, our objective was to improve the sweeping efficiency of MnO 4 − into LPZ and increase the percentage of 14 C-TCE oxidized by MnO 4 − . This was accomplished by creating a LPZ that had a high concentration of TCE and then treating with a variety of solutions that paired permanganate with: (i) a shear-thinning polymer; (ii) stabilization aids that minimized MnO 2 formation and (iii) a phase-transfer catalyst. Both transport and batch experiments were performed to quantify the efficacy of these chemical additives to improve TCE oxidation. Stabilization aids included sodium hexametaphosphate (SHMP, Sigma Aldrich) and tetrapotassium pyrophosphate (TKPP; Carus Corporation). Uniformly labeled 14 C-TCE (specific activity of 5 mCi mmol −1 ) was obtained from Moravek Biochemicals (Brea, CA). The phase transfer catalyst evaluated was pentyltriphenylphosphonium bromide (PTPP; Sigma Aldrich). A listing of physiochemical properties of the chemicals used is provided in Supplementary material (SM) section (Table SM-1) .
Materials and methods

Chemicals and soils
Soils used in transport experiments were chosen to create a transmissive zone and a low permeability zone (LPZ). The transmissive zone was packed with commercial silica sand (Accusand 20/30, Le Sueur, MN) while the low permeable zone was fabricated by mixing a silty clay loam with a silica sand (Accusand 40/50) in a 1:16 (w/w) ratio. The silty clay loam was used to increase mass of TCE retained by the LPZ [34] . This silty clay loam was obtained from a loess deposit ~6.1 m below ground surface on the University of Nebraska campus (Lincoln, NE).
Details on procedures used to analyze TCE, MnO 4 − and 14 C-activity are provided in the SM section.
Transport experiments
2D-tank
All transport experiments were conducted in the specifically designed rectangular anodized aluminum tank (2D-Tank) consisting of three chambers. The main chamber (1061 cm 3 ) housed the soil and had internal dimensions of 21.6 cm (length) by 12.7 cm (height) by 5.1 cm (width) (Figure 1 ). The 2D-tank was hand packed with a rigorous set of steps and procedures to ensure uniformity between experiments. Details of these packing procedures are provided in the SM section.
The 2D-tank was initially dry-packed by hand to yield a calculated bulk density of 1.76 kg m −3 for the transmissive zone and 1.57 kg m −3 for the LPZ zone. The packed systems had an approximate average porosity of 0.38 and a total pore volume (PV) of ~481 cm 3 .
Prior to flooding, we exchanged the air space in the 2D-tank with carbon dioxide gas (CO 2 ) for 60 min. This prevented entrapped air pockets from forming in the tank during flooding [35] .
We initially flooded the system with background electrolyte concentration (441 mg L −1 CaCl 2 ·2H 2 O). Once flooded, the system was rested for 24 h prior to adding non-aqueous phase TCE to the LPZ.
Adding non-aqueous phase TCE to the low permeable zone
To make it easier to view, TCE was dyed with Oil-Red-O (Table SM-1) at a concentration of 40.8 mg L −1 . Previous results have shown that adding this dye did not significantly affect the viscosity, interfacial tension, and density of PCE [36] . Non-aqueous phase TCE (2.0 mL) was spiked with 14 C-TCE to produce an initial activity of ~350,000 dpm. This 14 C-spiked non-aqueous phase TCE was then introduced directly into the porous media from the top of the tank by using a 5-mL glass syringe equipped with a 22G needle (Hamilton Company, Reno, NV) ( Figure 1 ; Position Y). During the injection, we simultaneously withdrew solution from the LPZ using another glass syringe to balance pressure in the tank and to avoid overflow. We then reassembled the tank and allowed 24 h of resting prior to commencing the experiments.
Given that high entry pressures normally inhibit free phase DNAPL from penetrating low permeability zones, we acknowledge that injecting 2 mL of DNAPL into the LPZ deviates from what might normally occur under field conditions (i.e., temporal build up of dissolved contaminants in LPZs through diffusion). Still, given that DNAPL distribution is typically characterized by highly irregular patterns of residual droplets or ganglia, the probability of some DNAPL droplets surrounded by lower conductivity media exist. Moreover, fissures, cracks or larger pores could also bring DNAPL into a low conductivity zones, as could "organic wetting" constituents (indigenous to the aquifer or built up with time), which have been shown to facilitate the penetration of DNAPL into lower permeability layers [37] .
General flooding procedure
A flooding solution was prepared 2 h prior to starting experiments. We used a MnO 4 − concentration of 9931 mg L −1 in our transport experiments (Exp. A-F; Table SM-2). In experiments involving chemical additives (Exp. B-F), the chemical amendments (i.e., xanthan, SHMP, TKPP, or PTPP) were completely dissolved in H 2 O before KMnO 4 was added. To prepare the xanthan stock solution, we slowly added xanthan powder to H 2 O while stirring to avoid powder formation of the glass wall. Because xanthan preparation can directly affect the solution viscosity [38] , once mixed, the xanthan stock solution (2 g L −1 ) was continuously mixed on a magnetic stirrer for 90 min at room temperature (25 °C) and used within 2 h. Using xanthan within this timeframe avoided any significant changes in viscosity [18] .
Each sequential transport experiment received approximately 16 pore volume (PV) of flooding solution in two stages: (1) an initial KMnO 4 flood with or without chemical additives (0.5 PV), and (2) a secondary flood of 441 mg L −1 CaCl 2 ·2H 2 O (~15.5 PV) (Table SM-2). Initial and secondary flooding solutions were introduced into the 2D-tank at a consistent flow rate at 3 mL min −1 using HPLC pump (Shimadzu Scientific Instruments, Columbia, MD). A constant flow rate through the tank was confirmed by manually measuring the outflow from the effluent ports. A digital camera (Canon 870 IS) was used to record solute movement and coverage of the LPZ. Sweeping efficiency [9, 17, 39] was qualitatively determined by the percentage of LPZ that was visibly covered by the flooding solution and recorded as a function of pore volumes (PV) of flooding solution injected. At the end of each experiment, the tank was disassembled and soil selectively removed to visually observe and photograph the LPZ.
Sample collection protocol
Effluent exiting the 2D-tank was quantitatively collected in 1-L collapsible Tedlar bags equipped with a stainless steel valves (Zefon, Ogala, FL) [40] . To minimize volatilization, any gas produced from the MnO 4 − -TCE reaction (i.e., CO 2 ), was frequently removed using an air-tight glass syringe. We initially added 1 mL hydrazine solution ( − quenched. Samples were periodically collected from the Tedlar bags after approximately 420 mL of effluent had been collected (i.e., 0.85 PV; 140 min). At each sampling, three 8-mL samples were withdrawn from the bag by using a 10-mL glass syringe with a luer-lock connector. We then used the procedures outlined in Kriegman-King and Reinhard [41] to differentiate between 14 CO 2 , non-volatile degradation products, and parent TCE.
Testing the ability of permanganate with and without chemical amendments to oxidize non-aqueous phase TCE under batch conditions
To allow longer contact between the chemical treatments (MnO 4 − + amendments) and non-aqueous phase TCE, as opposed to the timeframe exhibited during the transport experiments, batch experiments were conducted in a 40-mL Teflon tubes. Two types of batch experiments were conducted. In the first set, 100 μL For the second set of batch experiments, cylinders of low permeable soil containing non-aqueous phase 14 C-TCE were created. These LPZ soil cylinders were created by combining two soil textures. Specifically, 35.6 g of silica sand (Accusand 40/50) was combined with 18.4 g of silty clay loam (the same soil used in the transport experiments) and blended manually in a porcelain mortar ( Figure 2 , SM-1). We then mixed in 3 mL of non-aqueous phase TCE (i.e., DNAPL) and 6 mL of H 2 O to increase the liquid content and produce a soil mixture that was pliable and had consistent shear strength. We then packed 6 g of this soil mixture into the cylindrical molds (1.27 cm diam × 2.38 cm length). These LPZ cylinders were then removed from the mold and soaked in nonaqueous phase TCE for at least 24 h in an effort to saturate the system (see Figure SM -1 for photograph). Each LPZ soil cylinder weighed 6.0 ± 0.1 g before saturating and 6.3 ± 0.1 g after saturating. Given that DNAPL volume and its interfacial area can directly affect mass transfer [42] , the weight and surface area of the LPZ cylinders were reproduced to be as consistent as possible.
After soaking in TCE, LPZ cylinders were placed on top of 8.5 g of 20/30 sand in 40-mL vials. We then quickly surrounded the LPZ cylinder with 26.5 g of 20/30 sand and 10 mL of treatment solution. We then introduced 25 μL of 14 C-TCE directly into LPZ via a 50-μL glass syringe (Hamilton Company, Reno, NV) ( Figure 2 ). The total activity added to each LPZ cylinder was 22,200 dpm, which was confirmed via liquid scintillation counting (LSC). We then filled the vessel with the rest of the treatment solution leaving no head space. Each vial was weighed before and after introducing any sand and chemicals to determine the precise volume of solution in each replicate. Once the solution treatments were added, the vials were sealed with Teflon-lined septa with open-top screw caps.
The experimental treatments tested six different solution treatments (n = 3). These included: (1) (Table SM-2) . Each group was also subcategorized into two MnO 4 − concentrations (i.e., 12,000, and 24,000 mg L −1 ). Each experimental treatment (n = 3) was analyzed once the MnO 4 − was consumed (T = 14 d). For each experimental unit, we split the analysis into determining the activity of the top solution (Portion 1) and the extracted activity of the sand and LPZ cylinder (Portion 2). Collectively, the 14 C-activity of Portions 1 and 2 constituted the activity for each sample. Details on how recovery of 14 C-TCE was calculated are provided in the SM section.
Results
Transport experiments
Multiple transport experiments were performed and photographed to systematically evaluate the ability of MnO 4 − to penetrate the LPZ and react with the non-aqueous phase TCE, with and without chemical additives (Figure 3 ). Using only MnO 4 − , the injection front moved quickly through the transmissive zone and eventually into the LPZ (Figure 3 , Exp. A). Within 1.5 PV, a distinct rind of precipitated MnO 2 began to form around the nonaqueous phase TCE. Eventually, the rind engulfed much of the LPZ and red-dyed TCE was still evident inside the LPZ ( Figure 3) . As a result, much of the LPZ was untouched by the MnO 4 − , and the sweeping efficiency of the LPZ only reached 60% (Figure 4) .
When xanthan was part of the MnO 4 − flooding solution, more complete penetration of MnO 4 − into the LPZ occurred earlier and the sweeping efficiency increased to 90% by 2 PV (Figure 4 ). Previous publications have reported similar benefits of using shearthinning polymers to increase fluid penetration into LPZs [6] [7] [8] [9] 18] . Although xanthan improved the sweeping efficiency, multiple MnO 2 rinds still developed (Figure 3) . In related work where aqueous-phase TCE (500 mg L −1 ) occupied the LPZ instead of non-aqueous phase TCE, rind formation was not observed [18] .
When the stabilization aid SHMP was included with xanthan and MnO 4 − , the sweeping efficiency increased to 100% (Figure 4 ) − , we also observed good penetration of MnO 4 − into the LPZ with no obvious rind formation ( Figure 3 ). The lack of rind formation similarly produced high sweeping efficiencies (Figure 4) .
Delineating 14 C-effluent
Delineating the 2D-tank effluent into oxidized 14 C-TCE versus non-oxidized 14 C-TCE, and total 14 C revealed as expected, that less 14 C-activity was recovered from the MnO 4 − only treatment due to the MnO 2 rind that formed around the TCE (Exp. A, Figure 5 ). Although xanthan increased the sweeping efficiency of MnO 4 − into the LPZ (Exp. B, Figure 4) , the rinds that formed around the nonaqueous product prevented the MnO 4 − from interacting with the TCE. This resulted in very little difference between the MnO 4 − only and MnO 4 − + xanthan treatments in terms of the amount of TCE that was oxidized (11% vs. 13%) or eluted from the 2D-tank (Figure 5) . However, by including SHMP with the xanthan, the percentage of oxidized TCE products increased to 19% (8% more than MnO 4 − alone) and about 30% more total 14 − , there was a 4% to 6% increase in the cumulative amount of oxidized products eluted over MnO 4 − alone (Oxidized 14 C-TCE, Figure 5 ). Because all three chemical additives similarly improved the sweeping efficiency of MnO 4 − into the LPZ and prevented a rind from forming around the non-aqueous phase TCE, the percentage of cumulative 14 C-TCE and Total 14 C eluted were greater with the chemical additives than with MnO 4 − alone ( Figure 5 ). Although treatment differences between SHMP, TKPP, PTPP were small, the order in which the chemicals increased the 14 C eluted was consistent: SHMP > PTPP > TKPP ( Figure 5 ).
Although the "MnO 4 − + SHMP + xanthan" treatment performed the best in terms of the mass of TCE oxidized and total 14 C eluted, pairing SHMP or PTPP with permanganate performed almost as well ( Figure 5 ). Although effective, one argument against using xanthan is its lack of temporal stability in the presence of permanganate. Previous work by Chokejaroenrat et al. [18] recommended that permanganate-xanthan combinations be used within a few hours of mixing.
Batch experiments
TCE in sand
Because practically all of the interactions between MnO 4 − and TCE occur at the non-aqueous phase TCE-water boundary and the length of the 2D-tank is finite, the potential to quantify how the chemical additives improved TCE destruction under miscible displacement is limited. To provide supporting evidence, we treated non-aqueous phase TCE with − alone and ~8% more than other two chemicals (i.e., PTPP and TKPP, Figure SM-2) . A parallel experiment tracked temporal changes in solution pH for the various flooding treatments and the mass of filterable MnO 2 produced. Results showed that SHMP and TKPP produced the least amount of filterable MnO 2 while flooding solutions containing xanthan produced the most (Table SM-3).
TCE in LPZ cylinders
To provide supporting evidence to the results garnered from the 2D-tank (Section 3.1) and batch experiments (Section 3.2.1), our objective was to quantify the efficacy of chemical additives to increase the oxidation of non-aqueous phase TCE by MnO 4 − in low permeable zones under batch conditions. To accomplish this we created a batch reactor that contained a LPZ (containing nonaqueous phase TCE) surrounded by transmissive sands (Figure 2) . A test of this experimental unit showed that when the non-aqueous phase 14 C-TCE was placed in the LPZ cylinder, the LPZ was effective in holding the 14 C-TCE and did not release significant amounts of 14 C-TCE back into solution ( Figure SM-4) . By comparison non-aqueous phase TCE placed in sand (controls) was subject to loss ( Figure SM-4) . This means treatment solutions needed to penetrate the LPZ cylinders in order to be effective in coming in contact with the 14 C-TCE.
By mimicking the treatments used in the transport ( Figure 3 ) and first batch experiment ( Figure SM-2) , we found that SHMP, TKPP, and PTPP all increased the amount of TCE that was oxidized in the LPZ cylinders. At the 24,000 mg L −1 MnO 4 − concentration, the mass of 14 C-TCE recovered was 16% less with SHMP than with MnO 4 − alone; TKPP and PTPP also performed similarly ( Figure 6 ). Given that the 14 C-TCE was located inside the LPZ cylinder and not readily released as displayed in our previous test of the LPZ cylinder ( Figure SM-4) , the results from this experiment indicate that all three chemical amendments facilitated the treatment of TCE while inside a low permeable zone under static conditions. 
Discussion
SHMP and TKPP are considered dispersants or stabilization aids, which mean they stabilize colloids by inhibiting particle aggregation, which leads to precipitation. The multiple mechanisms by which this occurs with MnO 4 − have been detailed elsewhere [30, [43] [44] [45] [46] but in brief the colloidal stability of hydrous oxides is strongly dependent on their net charge. The higher the net charge of the oxide surface, either positive or negative, the greater the repulsive forces of the individual colloid to oppose other colloids and inhibit aggregation (i.e., greater stability). Given that manganese oxides are amphoteric, the net surface charge of the oxide can be altered to negative, zero, or positive. Under most environmental conditions (i.e., pH), manganese dioxide (δMnO 2 ) is an important adsorbent of phosphate in natural waters [47] and SHMP and TKPP are polyphosphates that can supply soluble phosphate ions. This phosphate can then bind with colloidal oxides, alter the surface charge (i.e., stabilize) and slow the particle coagulation process.
PTPP on the other hand is a phosphorus-centered organic cation (for structure, see Figure SM -5) that has been used as a phase transfer catalyst to increase oxidant concentrations in nonpolar organic phases. Since initially proposed [48] , phase transfer catalysts have become a powerful tool in developing new types of reactions in organic chemistry [32] . The use of phase-transfer catalyst in an environmental context has only been sparingly studied. Seol and Schwartz [32] and Seol et al. [33] found that PTPP paired with MnO 4 − increased the dechlorination rate of TCE and PCE. Experiments by Seol and Schwartz [32] were confined to 60 min batch reactions where Cl − released and MnO 4 − consumed were measured and used to corroborate an improved rate of TCE removal. In our experiments, we directly measured temporal losses of TCE and MnO 4 − for 120 h under static conditions and 8 h under agitated conditions. While results showed a very slight and consistent increase in TCE loss with PTPP among the experiments and concentrations tested ( Figure SM-6 ), these small differences, coupled with the relatively high cost of PTPP, does not appear to warrant supporting its use as a phase-transfer catalyst with MnO 4 − . Although PTPP did not significantly improve the destruction of non-aqueous phase TCE in a water matrix ( Figure SM-6 ), PTPP did improve the loss of non-aqueous phase TCE by MnO 4 − in the batch experiments (Figs. SM-3, 6 ). We also observed a high sweeping efficiency when PTPP was included with MnO 4 − under transport conditions (Figure 4) , and minimal MnO 2 formation in the LPZ (Figure 3) . The results from these various experiments indicate that the ability of PTPP to improve non-aqueous phase TCE destruction do not appear tied to its phase-transfer capabilities but rather to its ability to minimize MnO 2 formation. Unlike SHMP and TKPP, which loads colloids with phosphate ions, sorption of PTPP itself (organic cation) by the colloids may have minimized MnO 2 in the LPZ. Supporting evidence for this mechanism is provided by Posselt et al. [49] who added a nitrogen-based organic cation (polydiallyldimethyl ammonium, PDADMA) to a colloid hydrous manganese dioxide solution and was able to increase the positive charge of the colloids and improve colloidal stabilization (i.e., prevent precipitation). Similar results with clay colloids and PDADMA was observed by Black et al. [50] . Despite its effectiveness as a stabilization aid with permanganate, the high cost of PTPP (in comparison to SHMP and TKPP) would likely preclude its use in the field.
Although we recognized that the xanthan amendment could not provide shear thinning properties under static (i.e., no flow) conditions, we included it in our batch experiments for completeness. Results showed that the xanthan + SHMP + MnO 4 − treatment was similar to the SHMP + MnO 4 − treatment ( Figure  6 ). While adding xanthan with permanganate can cause some MnO 2 formation, the presence of xanthan does not appear to hinder the beneficial effects of adding SHMP with MnO 4 − , even if this treatment solution were to become trapped in a static zone of an aquifer.
Conclusion
Improvements in the treatment of high concentrations of TCE in low permeability zones were accomplished by pairing permanganate with xanthan and stabilization aids. Using xanthan with MnO 4 − improved the sweeping efficiency of permanganate into LPZs but MnO 2 rinds prevented good contact between the oxidant and the DNAPL. By including sodium hexametaphosphate (SHMP) with xanthan, MnO 4 − covered all of LPZ and no MnO 2 rinds were observed. Batch experiments with LPZ cylinders also demonstrated that SHMP improved permanganate oxidation of TCE. While a number of site conditions and cost factors must first be considered before using xanthan and SHMP under field conditions, our experimental results support combining permanganate with SHMP, or SHMP and xanthan, as a means of increasing the mass of TCE oxidized in low permeability zones.
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2D-Tank packing procedure
The 2D tank was hand packed with a rigorous set of steps and procedures to ensure uniformity between experiments. This involved using the same soil weights and template tools to produce a low permeable zone surrounded by a transmissive zone. In brief, the steps used to pack the 2D tank were as follows: (1) the tank was divided into 7 layers before placing the transmissive sand into the tank; (2) after adding each layer of soil, we dry-packed the tank by gently packing with a specifically designed rubber hammer and shaking the tank horizontally at each packing level, (3) when the tank was packed to the height of the LPZ base, we marked the position of LPZ and inserted a plastic casing that fit closely inside the tank: (4) LPZ soils were then added to the casing using a funnel; (5) we removed the plastic casing once the LPZ and surrounding transmissive soil was packed (6) transmissive soil was pack above the LPZ and the top of the tank was reassembled. 
Procedures used to extract and analyze LPZs cylinders
To differentiate the (Table SM-3) . As expected, once the treatment solutions were mixed with TCE, the pH dropped as oxidation of TCE occurred and protons were generated. Tables   Table SM- 
